Phylogenetic relationships among the 6 species of quolls (Dasyurus) are resolved using DNA sequences from 4 mitochondrial and 5 nuclear loci (approximately 15 kb) sampled from 1 to 29 individuals per species. Our estimate of quoll phylogeny concurs with previous DNA-based estimates in placing Dasyurus hallucatus as sister to the remaining species, and D. maculatus as sister to a clade containing D. viverrinus, D. albopunctatus, D. geoffroii + D. spartacus. We also provide the first formal description of penis anatomy in the northern quoll (D. hallucatus), documenting it as the only species of Dasyurus lacking an appendage to the penis. This appendage thus appears to constitute a morphological synapomorphy for the clade of 5 species that excludes D. hallucatus. The sequence from our single specimen of bronze quoll (D. spartacus) nested within a clade of 3 western quoll (D. geoffroii) sequences, suggesting that the species boundary between these groups (if it exists) is not yet reflected in reciprocal monophyly of mitochondrial haplotypes. Any genetic differences found between eastern and western forms of D. geoffroii would have implications for translocations of western animals into other parts of the species range.
The 6 currently recognized species of Dasyurus, commonly referred to as quolls, are found in the Australasian region; 4 in Australia and 2 in New Guinea. They are among the largest species of dasyurid marsupials, with distinctive spotted coats. The Australian species include Dasyurus hallucatus (northern quoll), D. geoffroii (western quoll), D. viverrinus (eastern quoll), and D. maculatus (spotted-tailed quoll) and the New Guinean species, D. albopunctatus (New Guinea quoll) and D. spartacus (bronze quoll) (Groves 2005) . The common name for members of the genus was first used in reference to the northern quoll (see Abbott 2013) . Until relatively recently (e.g., Troughton 1965) , this species was considered to be generically distinct and referred to as Satanellus hallucatus. Archer (1982) also included the New Guinea quoll in Satanellus (i.e., "S. albopunctatus").
The taxonomic history of the Australian species is documented by Mahoney and Ride (1988) and the New Guinean species by Laurie and Hill (1954-for D. albopunctatus) and Van Dyck (1988-for D. spartacus, the most recently described species). Various subspecies of the Australian forms have been recognized. Information on type specimens and anatomical features of all species except D. spartacus can be found in Tate (1947) . The distribution of each species is shown in Fig. 1 . The Australian species have all undergone declines in geographic range and their conservation status, as assessed in 2008 by the International Union for the Conservation of Nature (IUCN 2013) , is listed as "Near Threatened" or, in the case of D. hallucatus, "Endangered." The less well-known New Guinean species are both listed as "Near Threatened." Phylogenetic studies (summarized by Krajewski et al. 2004 ) have located Dasyurus within the dasyurid clade Dasyurini (along with its sister-group Sarcophilus and 8 other genera), which together with Phascogalini (Phascogale, Antechinus, and Murexia) comprise Dasyurinae. Within Dasyurus, molecular studies to date have indicated that D. hallucatus is sister to all other quolls, and that D. maculatus is sister to a clade of the remaining 4 species. Branching order within the latter clade has not been resolved, except that D. geoffroii and D. spartacus are sisters with very little genetic divergence between them. These studies have relied on DNA sequences from 3-4 mitochondrial and 3 nuclear loci sampled from just 1 or a few individuals for each species. Attempts to infer quoll relationships from anatomical-mostly craniodental-data (e.g., Van Dyck 1988; Wroe and Mackness 1998) have produced inconsistent and poorly supported results (see Krajewski et al. 2004) , and it remains to be seen whether robust anatomical synapomorphies can be found to support any of the clades within Dasyurus recovered from DNA data.
Studies on the anatomy of the penis of dasyurid marsupials (Woolley and Webb 1977; Woolley 1982 Woolley , 1984 Woolley , 1987 Woolley et al. 2007 ) have proved useful in examining relationships among various dasyurid marsupials, leading to the work presented here on the species of Dasyurus. It is known from early literature that both D. viverrinus (Gerhardt 1904 (Gerhardt , 1933 and D. geoffroii (Van Den Broek 1910) have an appendage to the penis at least superficially similar to that described for Parantechinus apicalis (as Antechinus apicalis) by Woolley and Webb (1977) . Archer (1974) reported observing a penis appendage in D. geoffroii and also D. hallucatus, and Woolley and Webb (1977) recorded the presence of an appendage in D. maculatus and the then yet to be named D. spartacus (based on Papua New Guinea Museum specimen PM10400, now Queensland Museum JM 6172). The only species of Dasyurus for which there was no information in the literature on the anatomy of the penis in 1977 was D. albopunctatus. The gross and microscopic anatomy of the penis in 2 species of dasyurid marsupials, 1 with and 1 without an appendage, has been described by Woolley and Webb (1977) . The appendage is known to contain accessory erectile tissue derived from the corpora cavernosa.
In this study, we expand the DNA sequence data set for quolls and selected outgroups to include more loci and more exemplar individuals. Our goal is to evaluate the robustness of the current molecular phylogeny and, if possible, improve it. In addition, the gross and microscopic anatomy of the penis of all 6 species of Dasyurus has now been examined and we consider its bearing on the relationships within the genus.
Materials and Methods
Molecular studies.-DNA sequences from a number of mitochondrial and nuclear genes were obtained for each species of Dasyurus as well as the outgroup taxa Sarcophilus harrisii, Neophascogale lorentzi, and Phascolosorex dorsalis. At least 1 exemplar per species had sequences from the mitochondrial cytochrome b (Cytb), 12S rRNA (12S), 16S rRNA (16S), and control region (CR) loci, as well as from the nuclear breast cancer 1 (BRCA1), apolipoprotein B (ApoB), beta-fibrinogen intron 7 (bfib7), embryonic globin (e-globin), interphotoreceptor binding protein (IRBP), sperm protamine P1 (ProtP1), recombination activating gene 1 (RAG1), and von Willebrand factor (vWF) loci for a total of approximately 17,000 nucleotides per species. In addition, sequences from CR, Cytb, 12S, and e-globin genes were obtained for 1-25 exemplars of each species representing as much of their geographic ranges as possible (see Supporting Information S1).
Phylogenetic analyses were carried out on the concatenated data set using maximum likelihood methodologies implemented in RAxML v7.2.8 (Stamatakis 2006) and Bayesian inference as implemented in MrBayes 3.2 (Ronquist et al. 2012) with the data treated either as a single unpartitioned block or partitioned by gene. The latter allowed each gene partition to have its own model of sequence analysis as determined by the Akaike Information Criterion in jModeltest (Posada 2008) . The GTR + Γ + I model was chosen for the unpartitioned data. Node support was estimated by 1,000 bootstrap pseudo-replications for RAxML. Bayesian analyses utilized random starting trees and 2 simultaneous runs of 4 Markov chains (1 cold and 3 heated using default heating values) applied for 5 × 10 6 generations with sampling every 1,000th generation. The first 1.25 × 10 6 generations were discarded from each run as burn-in. The remaining trees were used to construct a majority-rule consensus with posterior probabilities > 0.95 deemed as strong support (Kolaczkowski and Thornton 2006) . We evaluated the fit of our data to alternative phylogenetic relationships using the SH (Shimodaira and Hasegawa 1999) and KH (Kishino and Hasegawa 1989) tests implemented in PAUP* 4.0b10 (Swofford 2002 Penis morphology.-Details, including locality of collection, of all specimens examined can be found in Supporting Information S2. Observations were made on both spirit specimens and skins in museum collections, and the fresh specimens required for histological study were obtained opportunistically over many years. Penis specimens removed from freshly killed animals were straightened to remove the sigmoid flexure present in adult animals when the penis is retracted. The presence or absence of a penis appendage and the number of pairs of bulbourethral (Cowper's) glands were noted. Before preservation in aqueous Bouin's solution, the specimens were photographed and measurements made of the length of the penis (from the union of the crura to the tip of the urethral penis) and the length of the levator muscles, which arise on the crura (from the union of the crura to the distal end of the muscles). Photographic prints of the penis of each species, standardized in length from the union of the crura to the tip of the urethral portion of the penis, were used to facilitate comparison between species of the length of the levator muscles. Serial sections of the penis of 1 specimen of all 6 species were cut at 10 μm. With the exception of the largest species, D. maculatus, the entire penis was sectioned. Only the distal half of the penis of D. maculatus was sectioned. All sections were mounted and alternate slides stained with hematoxylin and eosin and Masson's trichrome stain. To assist in the analysis of internal anatomy, outline drawings of sections 250 μm apart were made using a drawing microscope. The drawings were used to prepare scale diagrams of the form of the corpora cavernosa of the penis of each species. The number of specimens of each species examined, together with the number in parentheses from which the penis was dissected was D. geoffroii 9 (2), D. viverrinus 4 (4), D. maculatus 3 (2), D. albopunctatus 8 (1), D. spartacus 4 (3), and D. hallucatus 43 (1). The terminology used to describe the anatomy of the penis and associated musculature follows Woolley and Webb (1977) .
Results
Molecular phylogenetic analyses.-Individual gene trees for each locus produced similar trees with no conflicting nodes showing > 90% bootstrap support or > 0.95 Bayesian posterior probability. The concatenated mitochondrial and nuclear gene sequences give a well-resolved phylogenetic tree ( Fig. 2 ) in which Dasyurus is clearly resolved as sister to Sarcophilus. Within Dasyurus, 4 of the 6 species are monophyletic lineages with very strong support in both RA × ML and Bayesian analyses (Table 1) . Northern quolls (D. hallucatus) are genetically divergent from all other quoll species and the spotted-tailed quoll (D. maculatus) is divergent from the other 4, but the interrelationships of these are less clear. These findings are identical to those reported by Krajewski et al. (2004) . Interestingly, the sequence from the bronze quoll (D. spartacus) nested firmly within those of 3 western quolls (D. geoffroii). User trees positing the monophyly of D. geoffroii gave a significantly worse fit to the data (***P < 0.001) than did the best tree. Similarly, there was no support for the suggestion of Archer (1982) that D. hallucatus and D. albopunctatus are sisters (***P < 0.001), or of Van Dyck (1988) that D. spartacus and D. albopunctatus are sisters (***P < 0.001; Table 2 ).
Those quoll species for which we had wide geographic sampling show substantial genetic structuring (Fig. 2) . This is especially true for D. hallucatus and D. maculatus, 2 taxa for which morphological subspecies have been proposed. There are 4 moderately or strongly supported lineages within D. hallucatus corresponding to distinct geographic areas: the Pilbara region of Western Australia (WA, 86% bootstrap); the Kimberley region of WA (99%); Northern Territory (NT), including the Gulf islands (Sir Edward Pellew Islands and Groote Eylandt; 98%); and Queensland (QLD; 73%). Geographic structuring in D. maculatus is less clear, but sequences from the Tasmanian animals form a distinct lineage. Although many individuals are represented only by mitochondrial CR sequences, there is some indication of genetic differences in the New South Wales (NSW) animals. This is also seen in Firestone et al. (1999) albopunctatus, and D. spartacus) were found to have a ventral appendage to the penis, but no appendage was found in any of the 43 specimens of D. hallucatus examined. The appendage consists of erectile tissue in a pocket of preputial skin and the length of it in relation to the length of the urethral penis in straightened dissected specimens varied; it was sometimes shorter and sometimes longer in specimens of the same species, perhaps indicative of reproductive history or physiological state at the time of death. In some museum specimens, the appendage, and occasionally the tip of the urethral penis, could be seen protruding from the cloacal aperture. The external anatomy of the ventral aspect of the penis of adult specimens of D. albopunctatus (as a representative of the species with an appendage) and D. hallucatus (Fig. 3) is illustrated with reference to photographs of freshly dissected and straightened specimens. The appendage can be seen lying above (i.e., ventral) the urethral penis in D. albopunctatus. The levator muscles of D. albopunctatus (and those of all species with an appendage) are longer (40-50% of the length of the penis) than those of D. hallucatus (24%). In both species, the tendons of the levator muscles arise mesially and fuse. In species with an appendage, it can be seen in histological sections that the fused tendon passes through the erectile tissue (corpora cavernosa) of the appendage to insert on to the tunica albuginea of the corpora cavernosa in the urethral penis. The tendon in all species terminates near the tip of the urethral penis, where the urethra opens to form either a urethral chamber (in species with an appendage) or urethral grooves. The 5 species with an appendage all have 3 pairs of bulbourethral glands, whereas there are only 2 pairs in D. hallucatus.
The tip of the urethral penis is distinctly bifid (more deeply so dorsally) in species with an appendage (illustrated with reference to D. maculatus) and almost blunt, at least in the flaccid state, in D. hallucatus (Fig. 4) . While the bifid nature of the tip is not apparent in the photograph of the D. albopunctatus penis illustrated in Fig. 3 , it was clearly so in the fresh specimen and in the histological sections prepared from this specimen as well as in the other 7 specimens examined. In D. hallucatus, a subterminal skin fold can be seen overlying a slightly bifid tip, as in some species of Sminthopsis (Woolley et al. 2007) .
Form of the corpora cavernosa.-The corpora cavernosa commence as 2 widely separated bodies, the crura, which fuse to form a single mass on the ventrolateral sides of the urethra in the shaft of the penis. In species with an appendage to the penis, illustrated with reference to D. viverrinus (Figs. 5a and  5b) , this mass divides to form a ventral branch that terminates in the appendage and a dorsal branch that terminates in the tip of the urethral penis. The small lateral projections that can be seen on each side of the corpora cavernosa are present in all species with an appendage, but vary in size in the specimens examined. These projections may form as a result of differential shrinkage of the outer fibrous tunica albuginea and inner cavernous tissue of the corpora cavernosa in the flaccid state of the penis. Close to the tip of the urethral penis the cavernous tissue becomes bifid in all species of Dasyurus. It also becomes bifid in the tip of the appendage of D. maculatus (Fig. 5c) . The undivided form of the corpora cavernosa in the shaft of the penis of D. hallucatus is shown in Fig. 5d .
Discussion
Penis morphology.-Based on our observations, an appendage to the penis, consisting of accessory erectile tissue enclosed in a pocket of preputial skin, is found in D. geoffroii, D. viverrinus, D. maculatus, D. albopunctatus, and D. spartacus but not in D. hallucatus. For the latter species, this finding is contrary to that of Archer (1974) , who reported observing an apparently similar accessory erectile structure in a sleeping, captive < 0.001*** < 0.001*** ** P = 0.01-0.001, *** P < 0.001
D. hallucatus.
There is no voucher specimen to provide verification of Archer's observation. However, it is known that the animal was collected on Augustus Island, 1 of the Kimberley islands, in 1972 (M. Archer, pers. comm. to P. A. Woolley, January 1979) where 2 of the 43 specimens examined by us were collected. One of the 2 (WAM M9278) was collected in the same year as the individual kept in captivity by Archer. Such variation in penis anatomy between individuals of an island population seems unlikely, which leads to the conclusion that the sleeping animal upon which he made his observation was in fact the D. geoffroii held captive at the same time (see Archer 1974) . We can confirm that his specimen of D. geoffroii (QM JM2057) has an appendage to the penis. Other anatomical differences between species of Dasyurus with and without an appendage are seen in the levator muscles of the penis and in the accessory reproductive organs, the bulbourethral glands. The levator muscles of all species of Dasyurus with an appendage are longer (40-50% of the length of the penis) than those of D. hallucatus (24%), but this correlation of muscle length with an appendage does not hold for all dasyurids. For example, the muscles are long in species of Antechinus (bellus, flavipes, godmani, leo, stuartii, minimus , and swainsonii) that do not have an appendage and short in A. macdonnellensis (now Pseudantechinus macdonnellensis), a species with an appendage (Woolley 1982) . The possible functional significance of differences in levator muscle length remains to be investigated, as does the function of the appendage. Attempts to observe if the appendage is inserted during copulation in both Parantechinus apicalis and P. macdonnellensis have been unsuccessful (P. A. Woolley, pers. obs.). Settle (1978) observed copulation in D. maculatus and suggested "the appendage may in fact enter the rectal passage, thus ensuring the correct placement of the penis in the vagina below." Three pairs of bulbourethral glands were found in species of Dasyurus with an appendage but only 2 pairs in D. hallucatus. All species of dasyurid marsupials known to have an appendage have 3 pairs of bulbourethral glands, but either 2 or 3 pairs are found in species that lack an appendage. The external appearance of the penis of D. hallucatus is most like that of Sarcophilus harrisii, which also has only 2 pairs of bulbourethral glands, but the levator muscles are long (about 50% of the length of the penis) in this species (P. A. Woolley, pers. obs.) .
Relationships among species.-Our phylogeny is consistent with that of Krajewski et al. (2004) and provides increased support for D. hallucatus as sister to all other extant species. Moreover, it seems that possession of an appendage to the penis is an anatomical synapomorphy for the clade comprising D. maculatus, D. albopunctatus, D. viverrinus, D. geoffroii, and D. spartacus . Although an appendage also occurs in Parantechinus apicalis and Pseudantechinus macdonnellensis, these genera occupy branches several nodes removed from Dasyurus (and each other) on the phylogeny of Dasyurini (Krajewski et al. 2004; Westerman et al. 2008) , suggesting that the structure evolved independently in each group. Van Dyck (1988) adduced several dental features for which D. hallucatus showed primitive states relative to all other quolls, a pattern The crura are largely covered by the ischio-cavernosus muscles, and the bulbs, by the bulbo-cavernosus muscles. The levator muscles insert proximally onto the crura. The retractor muscles, which normally lie dorsal to the shaft of the penis, have been cut short and displayed to the side close to where they insert onto the corpora cavernosa. Length of penis a) 34 mm and b) 39 mm. also recovered when Krajewski et al. (2004) re-analyzed dental characters described by Archer (1976) . However, our molecular results firmly reject the suggestion of Archer (1982) that D. hallucatus and D. albopunctatus are sisters. In short, multiple lines of evidence concur in identifying D. hallucatus as the first branch in the radiation of modern quolls, though resurrecting "Satanellus" (Pocock 1926) to reflect this would provide little taxonomic benefit.
Dasyurus maculatus is sister to a clade containing D. viverrinus, D. albopunctatus, D. geoffroii, and D. spartacus (Fig. 2) , as also suggested by Krajewski et al. (2004) Dasyurus albopunctatus is sister to D. geoffroii and D. spartacus (Fig. 2) , but our sequence data do not recover D. geoffroii as monophyletic. Rather, the single D. spartacus haplotype is most closely related to 1 of the D. geoffroii sequences (100% bootstrap) and securely nested within a clade containing the other 2. Although inferred genealogical relationships among 4 specimens are probably not sufficient to test a species boundary, these do raise questions for further research. Assuming the tree in Fig. 2 is correct, either the D. geoffroii-spartacus complex consists of a single species (D. geoffroii) or multiple species whose boundaries have not yet been accurately established. D. spartacus, as currently conceived, is problematic under both scenarios and should be tested by examining additional loci and individuals. A morphological reassessment of the distinctness of D. spartacus should also be undertaken using a larger sample of extant and historical populations of D. geoffroii than used by Van Dyck (1988) .
When first discovered in southern Papua New Guinea, the bronze quoll was identified as D. geoffroii (Waithman 1979) . Archer (1979:32) (Fig. 2) . Firestone (2000) noted that the genetic difference between D. geoffroii and D. spartacus is small and within the range of intraspecific comparisons. Clearly, the status of D. spartacus, as well as polymorphism within D. geoffroii, require more thorough phylogeographic analyses.
Intraspecific variation.-D. hallucatus, with its wide range across northern Australia (Fig. 1) , has at times been recognized as having up to 4 subspecies, largely on the basis of relative width of the nasals. The subspecies are D. h. hallucatus (NT), D. h. exilis (Kimberley, WA), D. h. predator (Cape York, QLD), and D. h. nesaeus (Groote Eylandt, NT) . Our results (Fig. 2 ) support the first 3 of these as phylogeographically distinct lineages. Only D. h. nesaeus fails to find any genetic support, since the Groote Eylandt specimen included in our study nests among Sir Edward Pellew Islands and mainland NT animals. Our tree indicates that the individuals of D. h. hallucatus and D. h. predator examined are genetically closer to one another than either is to D. h. exilis. This suggests that the Carpentaria Barrier, which separates populations of many taxa in the Australian monsoonal tropics (see Bowman et al. 2010; Eldridge et al. 2014) , is a less ancient and/or effective barrier to dispersal than the Ord arid intrusion and the Victoria and Daly rivers isolating the Kimberley Plateau from the NT (see Potter et al. 2012) .
Our data also resolve a lineage of D. hallucatus from the Pilbara region of WA. This group was first noted by How et al. (2009) but has not been tested morphologically or recognized taxonomically. Given the large number of taxa, which have genetically distinct populations in the Pilbara (Pepper et al. 2013 ), this finding is not surprising. The Pilbara is cut off from the Kimberley to its north by the Great Sandy Desert, a physical barrier to gene flow that is the modern counterpart of the extensive shallow sea north of the ancient Pilbara craton. We note that the sequences from the single animal from the Little Sandy Desert (LSD- Fig. 1 ) included in the study by How et al. (2009) as D. hallucatus nested genetically among their Kimberley exemplars rather than with their Pilbara animals (see their figures 4 and 5). This suggests that the sequences from the LSD animal are contaminants, especially since the mummified specimen was originally identified morphologically as D. geoffroii by Start (pers. comm. to P. A. Woolley and see Start et al. 2013 ) and the identification has been confirmed recently by K. Helgen. The specimen is now registered as D. geoffroii in the Western Australian Museum (M52218).
In contradistinction to the situation in the northern quoll, there is no genetic evidence for the 2 previously recognized subspecies of the spotted-tailed quoll (D. maculatus). Firestone (1999) showed that there was no genetic distinction between the nominate form, D. m. maculatus, and the Queensland form, D. m. gracilis, although she did find that Tasmanian individuals formed a discrete subpopulation. We confirm both these results but find the Tasmanian populations to be a discrete sublineage nested within the wider population samples.
There has never been any suggestion of morphological subspecies in D. viverrinus, although this species was formerly widespread across southern Australia, from South Australia to central New South Wales and Tasmania. Today eastern quolls are considered to be extinct on the mainland. We were able, however, to obtain 12S rRNA sequences from a subfossil bone identified as D. viverrinus from Kangaroo Island, South Australia (Haouchar et al. 2014) as well as 12S and Cytb sequences from a mainland animal from Victoria (MV C6298; M. Westerman, pers. obs.). Sequences from both these animals were very similar to those of Tasmanian animals, suggesting that Tasmanian and mainland populations are not genetically distinct.
Dasyurus geoffroii, as currently recognized, has the widest historical range, but it is now found only in the south west of WA (see Fig. 1 ). Two forms have been recognized in the past; one form, described by Gould (1841) from a male collected on the Liverpool Plains of NSW ( Fig. 1; D. g. geoffroii) and a second form, described by Thomas (1906) from a male collected at R. Arthur (Fig. 1) in southern WA (D. g. fortis) . Thomas drew attention to the larger size of the skull and auditory bullae in fortis, as well as to differences in color between the 2 forms, and considered that these differences warranted subspecific distinction. The broader historical ranges of the 2 forms are not known.
Based on the taxonomic decision of Ride (1970) , these 2 forms are no longer considered to be distinct (Mahoney and Ride 1988) . Van Dyck (1988) examined the holotypes of the subspecies but made no comment on the size differences found by Thomas. We can find no record of morphological studies of specimens collected in parts of the range where they are no longer found that might support Ride's decision, but some 30 specimens are available for study in museum collections, which might reveal difference. Given the extensive range and the diversity of the habitats in which these animals have been collected some differences, both morphological and genetic, could perhaps be expected. The Chuditch (D. geoffroii) Recovery Plan (Department of Conservation and Land Management 2012) states (pp. 3-4) "separate taxonomy has been refuted from both morphometric (Serena et al. 1991) and genetic (Firestone 1999) perspectives." Firestone (1999) did not include any samples of eastern D. geoffroii in her study and the morphometric studies referred to above are unpublished observations by Soderquist and Serena on size differences between 1-year-old males and older females in single populations of sexually mature fortis that they compared with measurements made on 3 specimens (eastern male, western male, and female) by Thomas (1888) . Thus, there are currently no genetic data for the eastern form of the western quoll and the conclusion regarding separate taxonomy reached in the Recovery Plan is unwarranted. Caution therefore should be exercised regarding plans for translocation of the western quoll from WA to eastern Australian states, especially as there is some possibility that D. geoffroii may still exist in the eastern part of its range (Morris et al. 2008) .
